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Introduction {#sec001}
============

HER2 is a member of the human epidermal growth factor receptor (HER/ErbB) family of tyrosine kinases which also includes EGFR, HER3 and HER4. Human breast cancers with overexpression of HER2, occur in about 20% of patients and are associated with poor prognosis \[[@pone.0137920.ref001]\]. Trastuzumab (Tz, Herceptin), a humanized monoclonal antibody, binds the extracellular region of HER2 and inhibits receptor signaling via several mechanisms \[[@pone.0137920.ref002]--[@pone.0137920.ref004]\]. Even though treatment with Tz is the alternative choice in HER2-positive breast cancer treatment \[[@pone.0137920.ref005]\], only a fraction of metastatic patients respond to Tz as single agent and approximately 60% develop resistance after initial response \[[@pone.0137920.ref006],[@pone.0137920.ref007]\].

Tumor microenvironment plays an important role as pro-survival factor for remaining living cells after initial chemotherapy and it is also involved in mechanisms that facilitate drug-resistance \[[@pone.0137920.ref008]\]. For many years, tumor resistance have been investigated using tumor cell lines grown as monolayers, but lack of correlation with clinical data suggests that 2D cultures might not reflect critical aspects of tumor growth. Cancer cells cultured as 3D spheroids represent a more useful model, since cell behavior changes considerably in a microenvironment that mimics the complex 3D organization of avascular tumor tissue *in vivo*, with differential oxygen and nutrient supply \[[@pone.0137920.ref009]\] and accumulation of cell metabolites from the outer to the inner spheroid regions \[[@pone.0137920.ref010]\]. Consequently, spheroids have a marked cellular, physiological and structural heterogeneity, relevant in cancer biology.

Autophagy is a dynamic self-catabolic cellular process that preserves cellular homeostasis by regulating degradation of misfolded proteins and of aged or damaged organelles, thus controlling cell damage \[[@pone.0137920.ref011]\]. The autophagic process is upregulated during periods of stress to maintain cell viability by allowing basic biomolecules and energy recycling. A link between autophagy and HER2 expression has been described in a subset of human breast carcinomas: the loss of the autophagy regulator *beclin 1* correlates with HER2 amplification while patients with *beclin 1* gene responded better to Tz alone or in combination with other drugs \[[@pone.0137920.ref012]\]. Many efforts have been made to analyze the effect of autophagy blockade on the response to chemotherapy, but they have mainly been focused on the tumor cells themselves. Functional autophagy in cancer should be considered as an important piece of the tumor microenvironment \[[@pone.0137920.ref013]\].

In the present study, we analyze the mechanisms of action and resistance development in the treatment with Tz using a model of multicellular tumor spheroids. We provide evidence that in 3D cells organization, autophagy efficiently protects breast cancer cells from the growth-inhibitory effect of Tz, and therefore, spheroids could be a more accurate model than monolayers to investigate anti-cancer drug action and anti-tumor drug resistance mechanisms.

Materials and Methods {#sec002}
=====================

Cell cultures and generation of tumor spheroids {#sec003}
-----------------------------------------------

Trastuzumab (Tz, Herceptin) was used at different concentrations (0.05--50 μg/ml); an unrelated human IgG (UNC Hemoderivados) was used as isotype control. Human mammary adenocarcinoma BT474 and MCF7 cell lines, obtained from American Tissue Culture Collection (ATCC), were grown in RPMI 1640 and DMEM-F12 respectively (Gibco, Life Technologies) supplemented with 10% fetal bovine serum (Internegocios S.A.) and gentamicine. Serial passages were carried out by treatment with 0.25% trypsin and 0.075% EDTA (Sigma).

Tz- resistant BT474 cells (BT474-MR) were obtained by continuous treatment of monolayers with Tz (10 μg/ml) during up to 6 months.

To generate spheroids, we adapted the hanging drop method \[[@pone.0137920.ref014]\]. Briefly, 1x10^4^ cells were seeded on the cover of 48-well plates in 20 μl drops. Covers were then inverted and incubated for 72 h until spheroids were fully formed, after which they were transferred into individual wells coated with 1.5% agarose and 500 μl complete medium. Spheroids were fed every other day by carefully aspirating 250 μl of medium and replacing it with the same volume of fresh complete medium. To evaluate Tz chronic treatment in 3D, experiments were performed when spheroids reached a diameter ≥ 550 μm, corresponding approximately to day 7. The adequate concentration of Tz was added in each media replacement, performed every other day and constantly maintained during the experiment. To evaluate spheroids growth, microphotographs were taken periodically and analyzed by Image Pro Plus software.

Immunostaining {#sec004}
--------------

Spheroids, obtained as described above, were treated with 50 μg/ml Tz for 15 days. At the end of the experiment, spheroids were collected and fixed in buffered formalin for 30 min, dehydrated in alcohol gradient, embedded in paraffin and sectioned (5 μm thickness). Sections were deparaffinized in xylene, rehydrated in an alcohol gradient. Antigen retrieval was performed by heating for 30 min in citric acid buffer (pH 6.0). Sections were then blocked with PBS: 5% FBS for 1 h at room temperature and incubated with primary antibodies at 4°C, overnight. Sections were then washed with PBS and incubated for 1 h with the corresponding secondary antibody at room temperature. For immunofluorescence studies, slides were also incubated with propidium iodide (PI) for nuclear detection and visualized using a confocal microscope (Olympus fv300/bx6). Primary antibodies used were anti-Ki67 (M7240, DAKO), anti-light-chain 3B (LC3B, \#2275), anti-HER2 (\#2165), anti-pHER2 (Y1248, \#2247) (Cell Signaling), anti-HIF-1α (sc-13515) and anti-p27 (sc-528) (Santa Cruz Biotechnology). Secondary antibodies used were anti-rabbit IgG AlexaFluor 488 (Invitrogen) and anti-rabbit IgG HRP conjugate (Millipore). All antibodies were used at the appropriated dilution suggested by manufacturer. Sections were also stained with hematoxylin-eosin (H&E) for histology analysis. To detect autophagic flux, cells were treated with Tz 1μg/ml or control IgG for 24 h, and Bafilomycin A1 (Santa Cruz Biotechnology) at 5 nM was added 90 min before the end of the experiment. Cells were then fixed and stained with anti-LC3 antibody as mentioned above.

Evaluation of apoptosis {#sec005}
-----------------------

Apoptosis was evaluated in 2D as well as in 3D cultures treated with Tz (1 μg/ml or 50 μg/ml respectively). Spheroids were disaggregated with Trypsin-EDTA for 15 min at 37°C and monolayers were harvested as mentioned above. Cells were stained with Annexin V-FITC and propidium iodide (PI) for 15 min at room temperature according to manufacturer's instructions (Invitrogen). Fluorescence was detected using a flow cytometer (Partec, Pas III model) and Flomax software. Data were analyzed with the WinMDI software. As reported elsewhere \[[@pone.0137920.ref015]\], early apoptosis is related to cells that are annexin V positive but remain impenetrable to PI, whereas late apoptotic cells are both annexin V and PI positive. Viable cells are negative for annexin V and PI stain.

Cell cycle analysis {#sec006}
-------------------

2D and 3D cultures, treated and harvested as mentioned above, were fixed in 70% ethanol for 2 h. DNA was stained with a solution containing 0.1% v/v Triton X-100, propidium iodide (25 μg/ml) and RNase A (1 mg/ ml, Boehringer Mannheim GmbH). Cell cycle was studied by flow cytometry and data were analyzed with the Cyflogic software (CyFlo Ltd, Finland).

Western blot {#sec007}
------------

Protein extracts were prepared by homogenizing monolayers or spheroids in RIPA buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% de SDS, 1% NP40, 0.5% deoxycholate and 1 mM EDTA) containing protease and phosphatase inhibitor cocktails (Calbiochem). Protein concentrations were measured using the Bradford method. Primary antibodies anti-Akt 1/2/3 (H-136, sc-8312), anti-phospho Akt 1/2/3 (Ser 473, sc-7985), anti-β-actin (sc-47778) (Santa Cruz Biotechnology) and anti-LC3B (\#2275, Cell Signaling) were used, at the appropriated dilution suggested by manufacturer. Immunoreactive bands were detected by enhance chemiluminescence (ECL, Amersham Biosciences).

Cell viability {#sec008}
--------------

Cells cultured in 96-well plates were incubated with increasing concentrations of Tz (0.08--50 μg/ml) or IgG (50 μg/ml). Cell viability was determined using the colorimetric MTS assay (Cell Titer ^96^ non radioactive cell proliferation assay kit, Promega). Briefly, after 5 days treatment with Tz, medium was replaced with MTS/PMS solution (1 ml MTS: 20 μl PMS) in fresh medium. Cells were then incubated for 2 h at 37°C in a humidified atmosphere and absorbance of cell-free supernatants was measured at 490 nm using the Multiscan Ascent microplate reader.

Since autophagy could affect cell metabolism, cell viability after autophagy inhibition was also analyzed by the Trypan blue exclusion method. Briefly, cells were plated in 12-well plates at a density of 20x10^3^ cells/ cm^2^ and treated simultaneously with 1 μg/ml Tz and 1 mM 3-methyl adenine (Santa Cruz Biotechnology). Drugs and medium were left unchanged for 3 days, when cell viability was determined.

Statistical analysis {#sec009}
--------------------

All experiments were done in triplicate and were repeated at least twice. Data were expressed as mean values +/- SE or SD and analyzed by Student's test or ANOVA followed by Bonferroni's posttest analysis to compare differences between groups. GraphPad Prism V software was used and data were considered statistically significant when p\<0.05.

Results {#sec010}
=======

The 3D architecture and growth kinetics of tumor spheroids {#sec011}
----------------------------------------------------------

Breast cancer cells BT474, with HER2-overexpression and MCF7 cells, with low levels of HER2 expression were selected to generate spheroids due to their capacity to grow in 3D. Since BT474 cells generated regular spheres, we considered diameters as a measure of spheroids growth; on the other hand, as MCF7 spheroids grew irregularly, we chose the area as a measure of growth. Both spheroid types exhibited a linear growth up to day 22 ([Fig 1A](#pone.0137920.g001){ref-type="fig"}).

![Cells growth in 3D.\
(a) Kinetics of BT474 and MCF7 spheroids growth, n = 6. Upper insert corresponds to representative photographs taken to the same spheroid along time (40X). (b) Hematoxylin-Eosin staining of BT474 spheroid at 7 and 21 days growth showing the necrotic cores and the peripheral rims of viable cells (200X).](pone.0137920.g001){#pone.0137920.g001}

Seven days after initial seeding, BT474 spheroids showed an average diameter of \~550 μm, and displayed a small central necrotic core surrounded by a rim of living cells. At day 20, spheroids reached an average diameter ≥ 750 μm, associated with changes in their 3D architecture, such as a bigger necrotic core and a thinner peripheral border of viable cells ([Fig 1B](#pone.0137920.g001){ref-type="fig"}); beyond 25--30 days, spheroids started to distort. These observations led us to determine the proliferative state of spheroid's cells by flow cytometry. Our experiments showed that during spheroids growth, no changes in the percentage of cells in G0/G1 phase were detected, but an increase in the proliferative population (S phase) up to day 14 and an arrest in G2/M along culture (data not shown).

Trastuzumab induces arrest at G0/G1 phase and reduces late apoptosis {#sec012}
--------------------------------------------------------------------

We analyzed the effect of the monoclonal antibody Trastuzumab (Tz) on the cell cycle distribution of BT474 and MCF7 cells, cultured as spheroids and as monolayers. Our results showed that 24 h treatment with Tz modulates the cell cycle of BT474 cells both in 2D and 3D cultures and has no significant effect on the cell cycle of MCF7 cells ([Fig 2A](#pone.0137920.g002){ref-type="fig"}). In BT474, Tz induced an increase in G0/G1 cell population by 34% in spheroids and 13% in monolayers, compared to IgG control treatment. Also, cells in G2/M phase were reduced with Tz treatment in both culture conditions. Unlike 2D cultures, BT474 spheroids showed basal apoptosis (SubG1 phase), which decreased about 50% after Tz treatment.

![Effect of Tz on cell cycle and apoptosis.\
BT474 and MCF7 cells were treated for 24 h with 1 μg/ml Tz (2D), 50 μg/ml Tz (3D) or control IgG, and were analyzed by flow cytometry. (a) Quantification of cell cycle distribution analyzed with propidium iodide; (b) Apoptosis analysis with Annexin V/ PI and quantification of BT474 cells. Triplicate cultures were run per group, and each experiment was repeated three times (\*p\<0.05).](pone.0137920.g002){#pone.0137920.g002}

To further analyze the effect of Tz on cell death observed in sub G1 subpopulation, we used the Annexin V/propidium iodide (PI) assay, which allows us to differentiate single stained Annexin V positive cells in early apoptosis and cells double stained with Annexin V and PI in late apoptosis. We found cells in late apoptosis only in 3D cultures; interestingly, 24 h treatment with Tz decreased this population (20.4% IgG vs 4.8% Tz, p\<0.05) ([Fig 2B](#pone.0137920.g002){ref-type="fig"}). These results indicate that the effect of Tz might be mainly on preventing cell proliferation rather than on inducing cell death.

Chronic treatment with Trastuzumab induces a resistant phenotype in 3D cultures {#sec013}
-------------------------------------------------------------------------------

The PI3K/Akt pathway regulates cell survival and aberrations in this pathway have been involved in Tz-resistance \[[@pone.0137920.ref016]\]. In BT474 spheroids, we found downregulation of pAkt after 24h Tz treatment by Western Blot; however, after a continuous exposure to Tz of 5 days, this modulation was no longer detectable ([Fig 3A](#pone.0137920.g003){ref-type="fig"}). According to these observations, it was reasonable to hypothesize that the mechanisms involved in Tz resistance may appear with a chronic treatment; we therefore investigated the effect of a longer exposure to Tz. We used BT474 as well as MCF7 cells; 2D cultures were continuously treated with Tz for 5 days and 3D cultures were maintained in the continuous presence of Tz for 15 days. Our results showed that BT474 cells grown in 3D organization were less sensitive to Tz than those growing in 2D. In monolayers, a decrease of 24% in cell viability was detected using 0.1 μg/ml Tz, reaching the maximum effect at a dose of 1 μg/ml, when a reduction of 60% in cell viability was detected. Higher concentrations did not further increase cytotoxicity ([Fig 3B](#pone.0137920.g003){ref-type="fig"}). As shown in [Fig 3C](#pone.0137920.g003){ref-type="fig"}, throughout the 15 days treatment, control IgG spheroids had a growth curve similar to untreated spheroids ([Fig 1A](#pone.0137920.g001){ref-type="fig"}). At the end of experiment, Tz used at a concentration of 50 μg/ml, was able to reduce the initial spheroids size by 40%; however, when treated with 10 μg/ml Tz, spheroids remained with their initial size. At an even 10-fold lower concentration (1 μg/ml), Tz exerted a minor regulation on spheroids size, but a slower growth of Tz treated spheroids could still be detected, compared to controls ([Fig 3C](#pone.0137920.g003){ref-type="fig"}). These dose dependent effects were fully reversed after Tz withdrawal (data not shown). When cell viability in chronically treated spheroids was analyzed by Trypan blue exclusion method, the % of dead cells did not significantly change among the different concentrations (30.6% Tz 1 μg/ml, 22.7 Tz 10 μg/ml, 20.8 Tz 50 μg/ml and 21.5% IgG). Tz had no effect on MCF7 cell growth, either in 2D or in 3D culture conditions ([Fig 3B and 3C](#pone.0137920.g003){ref-type="fig"}).

![Dose-dependent effect of Tz on cells growth.\
(a) Western blot analysis for AkT, pAkT and β-actin of BT474 spheroids after 24 h or 5 days of Tz treatment. (b) Viability (MTS assay) of BT474 and MCF7 cells cultured as monolayers treated for 5 days with increasing concentrations of Tz (0.005--50 μg/ml) relative to isotype IgG control. (c) Volume was evaluated in BT474 and MCF7 spheroids chronically treated during 15 days with 50, 10 and 1 μg/ml Tz or human IgG. Each point of the curves expresses the percentage in size change respect to the initial pretreated size (considered 100%), and represents the mean ± SD (n = 6). Inserts (right) correspond to 15 days-treated spheroids (40X). (d) BT474 spheroids chronically treated were analyzed by flow cytometry and the quantification of cell cycle distribution with propidium iodide staining is shown. Triplicate cultures were run per group, and each experiment was repeated twice (\*p\<0.05). (e) Cells obtained from spheroids chronically treated with Tz (BT474-ETz) or IgG (BT474-EIgG) were cultured as monolayers and treated with increasing concentrations of Tz (0.01--50 μg/ml).](pone.0137920.g003){#pone.0137920.g003}

We next analyzed Tz effect on cell cycle distribution of BT474 spheroids. As we observed before for 24 h treatment, chronic treatment with Tz induced cell cycle arrest in G0/G1 phase and downregulated SubG1 subpopulation ([Fig 3D](#pone.0137920.g003){ref-type="fig"}).

To further examine the phenotype of the remaining cells in the BT474 spheroids chronically treated with Tz, spheroids were disaggregated with trypsin-EDTA and single cells were seeded to grow as monolayeres. We evaluated their sensitivity to Tz and found that cells derived from Tz-treated spheroids (BT474-ETz) were fully resistant to the antibody, even at a concentration as high as 50 μg/ml, while cells from control spheroids (BT474-EIgG) behaved as Tz sensitive cells ([Fig 3E](#pone.0137920.g003){ref-type="fig"}).

In order to study the molecular bases of Tz- resistance, we performed immunostaining assays in paraffin-embedded chronically treated spheroids, which allowed us to distinguish cell phenotypes based on their localization in the 3D context. We found that cell architecture of tumor spheroids changed through time in the presence of Tz, displaying a significant reduction in the size of the necrotic core after 15 days ([Fig 4A](#pone.0137920.g004){ref-type="fig"}). We investigated whether antitumor activity of Tz could be associated with changes in HER2 protein expression. While we did not find modulation in the receptor expression, a decrease in HER2 phosphorylation (pHER2) was detected. As hypoxia is known to play a main role in cells sensitivity to different antitumor therapies \[[@pone.0137920.ref017]\], we evaluated the expression of the hypoxia inducible factor 1 (HIF-1α) and its modulation by Tz. While in control spheroids HIF-1α was localized primarily in the nuclei of cells surrounding the central core, it changed its subcellular localization upon Tz addition, being found only in the cytoplasm of cells ([Fig 4A](#pone.0137920.g004){ref-type="fig"}). As for the expression of the apoptotis marker cleaved caspase 3, it was only detected in the central core of control spheroids, but upon Tz addition, it could not be further detected ([Fig 4A](#pone.0137920.g004){ref-type="fig"}).

![Study of spheroid subpopulations.\
Spheroids were treated with 50 μg/ml Tz or control IgG for 15 days. (a) H&E (200x); immunofluorescence for pHER2 and HER2, HIF-1α (600x) and cleaved caspase 3 (400x). (b) Immunohistochemistry for Ki67 and quantification of Ki67+ cells (\*p\<0.05). (c) Confocal analysis of p27 (200x). Filled white arrows correspond to nuclear staining and black filled arrows correspond to cytoplasmatic staining.](pone.0137920.g004){#pone.0137920.g004}

The proliferative capacity of the peripheral viable cells in spheroids was lower than the same cell population in control spheroids, quantified as percentage of Ki67 positive cells ([Fig 4B](#pone.0137920.g004){ref-type="fig"}). We next studied the expression of p27, a negative regulator of the cell cycle. It was found in the cytoplasm of cells at the periphery and in the nuclei of cells located towards the central core of control spheroids. After Tz treatment, p27 was only detected in the cytoplasm of cells, regardless of their spatial localization on the spheroid ([Fig 4C](#pone.0137920.g004){ref-type="fig"}).

Trastuzumab increases cell autophagy {#sec014}
------------------------------------

As described above, Tz induced a decrease in the apoptotic cell subpopulation ([Fig 2B](#pone.0137920.g002){ref-type="fig"}). Since many reports point that autophagy could play a cytoprotective role countering anti-tumor therapies \[[@pone.0137920.ref018]\], we investigated if autophagy could be a mechanism involved in BT474 cell escape from apoptosis. To determine whether Tz antitumor activity might be associated with autophagy activation, the expression of the lipidated form of microtubule-associated protein light chain 3 (LC3-II) was analyzed. Compared to monolayer cell cultures, spheroids showed higher amount of LC3 ([Fig 5A](#pone.0137920.g005){ref-type="fig"}); addition of Tz elicited an increase in the LC3-II/LC3-I ratio in both 2D and 3D, though less evident in tumor spheroids.

![Autophagy in BT474 cells.\
(a) Western blot (WB) analysis of LC3 in 2D and 3D cultures after 24 h treatment with Tz. (b) Autophagic flux analyzed by WB in cell monolayers treated with Tz (1μg/ml) and 5 nM Bafilomycin A1 (BAF) (c) Cellular distribution of autophagosomes with LC3 stain. Arrows point to autophagosomes. Images show representative zones of BT474 cell monolayers (200x). (d) Immunofluorescence for LC3 (green) and Propidium iodide (PI, red) in spheroids treated for 15 days with Tz (50 μg/ml) or control IgG. Magnified images correspond to the zones limited by the white squares in the left photographs (600x).](pone.0137920.g005){#pone.0137920.g005}

To demonstrate that the accumulation of LC3-II observed after Tz treatment corresponded to increased autophagy, and was not due to lysosomal dysfunction, we used bafilomycin A1 (BAF), a V-ATPase inhibitor known to block the autophagic flux by preventing fusion between autophagosomes and lysosomes and therefore causing LC3 accumulation \[[@pone.0137920.ref019]\]. In the presence of BAF, we observed an increase in the levels of LC3-II/LC3-I ratio, in agreement with a blockade of lysosomal activity; treatment with Tz further increased this ratio ([Fig 5B](#pone.0137920.g005){ref-type="fig"}). These results suggest that the accumulation in LC3-II observed after Tz treatment was in fact due to a stimulation of the autophagic pathway. We verified these results analyzing autophagosome formation by immunofluorescence ([Fig 5C](#pone.0137920.g005){ref-type="fig"}). While untreated cells showed a homogenous but weak cytoplasmic LC3 staining, typical of low-level autophagosome formation, Tz-treated cells presented an increase in LC3 expression. After BAF exposure, LC3 localization dramatically changed from diffuse to a punctuate or dotted pattern associated with the autophagosome formation. We next investigated the localization of LC3 expressing cells in the spheroids. We observed a differential localization of autophagic cells, increasing in number towards the central core, thus correlating with the hypoxic population previously described. However, in spheroids chronically treated with Tz, a higher and uniform dotted expression of LC3 was found in all the living cells, which corresponds to a phenotype associated with Tz resistance ([Fig 5D](#pone.0137920.g005){ref-type="fig"}).

Blockade of autophagy elicit apoptosis after Trastuzumab treatment {#sec015}
------------------------------------------------------------------

To analyze whether Tz-induced autophagy was involved in the development of acquired resistance, we generated a Tz resistant BT474 cell line, by culturing parental cells in monolayers in the presence of 10 μg/ml Tz for over 6 months; established resistant cell line was named BT474-MR ([Fig 6A](#pone.0137920.g006){ref-type="fig"}). We studied cell viability in both parental BT474 and resistant BT474-MR cell lines after blocking autophagy with 3-methyladenine (3-MA), which inhibits the formation of the pre-autophagosomal structures. We first detected that 3-MA was *per se* cytotoxic in a dose dependent manner. Tz resistant BT474-MR cells were more sensitive to autophagy inhibition than parental cells ([Fig 6B](#pone.0137920.g006){ref-type="fig"}). These results suggest that in the acquisition of resistance to Tz along time, a survival mechanism associated with increased autophagy is involved.

![Autophagy inhibition.\
(a) Viability (MTS assay) of BT474 and resistant BT474-MR cells cultured as monolayers treated for 5 days with increasing concentrations of Tz relative to isotype IgG control; (b) Viability of BT474 and BT474 MR treated for 5 days with increasing concentrations of 3-MA. (c) Viability of BT474 and BT474-MR cells cultured in 2D treated with Tz (1 μg/ml), 3-MA (1 mM), or their combination for 3 days. (d) Diameter of BT474 and BT474-MR spheroids (n = 6) treated with Tz (50 μg/ml), 3-MA (1 mM) or their combination for 6 days. Each experiment was repeated at least three times (\*p\<0.05).](pone.0137920.g006){#pone.0137920.g006}

As 3-MA induced cell death per se. we next analyzed the effect of Tz in the presence of a non cytotoxic concentration of 3MA. In 2D cultures, this combination induced a significant increase in BT474 cell cytotoxicity compared with Tz alone (50% vs 25% respectively, p\<0.05); this increase in cell death was not observed on BT474-MR cells ([Fig 6C](#pone.0137920.g006){ref-type="fig"}). To investigate if 3D organization modulated autophagy and thus Tz sensitivity, we measured BT474 and BT474-MR spheroids diameter after 6 days treatment. In BT474 spheroids, we did not find a cytotoxic effect of 3-MA alone but the combination of 3-MA with Tz resulted in a decrease in spheroids size compared to Tz alone ([Fig 6D](#pone.0137920.g006){ref-type="fig"}). On the contrary, BT474-MR spheroids size was not affected by any treatment. These results suggest that 3D organization confers an increased protection against Tz cytotoxicity in an environment with inhibited autophagy. MCF7 cell viability did not change after autophagy inhibition in either 2D or 3D cultures (data not shown).

Experimental evidence suggests the existence of common links between apoptosis and autophagy in breast cancer cells \[[@pone.0137920.ref020]\]. We therefore investigated whether Tz-induced autophagy could be one of the mechanisms involved in rescuing cells from apoptosis as we had previously observed ([Fig 2](#pone.0137920.g002){ref-type="fig"}). To this end, we assessed apoptosis induction after 6h Tz treatment with 1h pre-incubation with 3-MA ([Fig 7](#pone.0137920.g007){ref-type="fig"}). In agreement with the results obtained for cell viability, 3-MA alone did not induce apoptosis in any culture condition. In 3D organization, the combination of Tz with 3MA completely reversed the decrease in late apoptosis induced by Tz alone; in 2D cultures, the same combination enhanced the sensitivity to Tz, determined by an increase in 30% cell apoptosis, (p\<0.05). Altogether, these results point to a key role of autophagy in the inhibition of apoptosis exerted by Tz.

![Apoptosis of cells cultured in 2D and 3D after 6 h treatment with Tz, 3-MA or their combination.\
Representative Annexin V/ Propidium iodide graphs are shown. Triplicate cultures were run per group, and the experiment was repeated three times (\*p\<0.05).](pone.0137920.g007){#pone.0137920.g007}

Discussion {#sec016}
==========

We here describe the effect of Trastuzumab (Tz) on a three-dimensional organization of HER2+ overexpressing cells. For the first time, we demonstrate that Tz decreases the apoptotic population in tumor spheroids of BT474 human HER2+ cells, effect completely reversed by autophagy inhibition.

Solid tumors contain heterogeneous populations of cells including proliferating, quiescent and necrotic. Spheroids serve as an intermediary model between the oversimplified 2D cultures and the high complexity of in vivo tumors.

Our experiments were performed with BT474 and MCF7 spheroids that presented a defined heterogeneity in cell subpopulations, such as peripheral viable and proliferating cells, a hypoxic non-proliferating intermediate cell layer and a central necrotic core ([Fig 1](#pone.0137920.g001){ref-type="fig"}).

Upon Tz treatment, we observed that BT474 cells were sensitive to the cytotoxic effect, both cultured as 2D as well as 3D; however, in spheroids, a 50-fold higher concentration of Tz was needed to observe a significant size reduction ([Fig 3C](#pone.0137920.g003){ref-type="fig"}). MCF7 cells did not show significant sensitivity to Tz, neither in 2D nor in 3D cultures. Thus, increased resistance to the cytotoxic effect of Tz appeared to be associated with changes induced by the 3D organization. The 3D architecture of breast cancer cells has a significant impact on the response to chemotherapy \[[@pone.0137920.ref021]\]. These changes might be the result of the limited drug exposure of the core cells because of poor penetration of Tz, or to limited sensitivity of these cells owing to a reduction in cellular proliferation and/or resistance associated with 3D cell adhesion, as described by other authors \[[@pone.0137920.ref022]\]. Cells cultured as monolayers are uniformly in contact with the medium and the drugs, opposing to those in 3D, where Tz must diffuse along different and heterogenic gradient of cell subpopulations. It is possible that high intracellular binding and consumption of the drug by peripheral cells in the spheroids limited the toxicity to cells distant from the surface \[[@pone.0137920.ref023]\].

Cells remaining alive in the spheroids after 15 days of chronic Tz treatment showed full resistance when re-exposed to Tz. Furthermore, the reduction in pAkt observed after 24 h was no longer detected 5 days later, in agreement with Yakes et al, who associated Tz resistance with constitutively active Akt \[[@pone.0137920.ref024]\]. Our results suggest that resistance to Tz developed in chronically treated BT474 spheroids, is associated with Akt pathway.

To deeply understand the development of Tz resistance enhanced by 3D cell organization, we analyzed the cell subpopulations that remained alive after 15 days treatment. Although downregulation of HER2 receptor has been proposed as one of the mechanisms involved in Tz cytotoxic activity \[[@pone.0137920.ref025]\], we could not detect differences in HER2 expression between treated and control spheroids. However, the evidence of HER2 downregulation by Tz has been reported mostly from experiments *in vitro* \[[@pone.0137920.ref026]\], and is not fully supported by *in vivo* findings. \[[@pone.0137920.ref027]\]. In this aspect, our results appear to be more similar to the *in vivo* response. A decrease in pHER2 expression was detected in treated spheroids, in agreement with other authors who have described inhibition of HER2 phosphorylation upon Tz binding \[[@pone.0137920.ref028]\]. Our results suggest that HER2 is functional along spheroids growth, and that Tz-acquired resistance could have been developed by a mechanism downstream the receptor.

Wang *et al* have shown that hypoxia induces a HIF-1α-dependent increase in the cyclin dependent kinase inhibitor p27 \[[@pone.0137920.ref029]\]. In control spheroids, we detected that cells expressing nuclear p27 were located in the same region as nuclear HIF-1α positive cells, both surrounding the necrotic core. It has been reported that in sensitive cells, Tz induces the expression of nuclear p27, driving cell cycle arrest \[[@pone.0137920.ref024]\]; however, in cells with acquired resistance this translocation is not observed \[[@pone.0137920.ref030]\]. According to these reports, we can assume that in our 3D model, chronic treatment with Tz induced the sequestration of p27 away from the nucleus associated with the development of a resistant phenotype of the remaining cells.

Taking into account that the inhibitory effect of Tz on spheroids growth could be detected already at 24h, we hypothesized that early changes in cell populations might have occurred. Thus, we analysed the cell cycle distribution and observed that Tz arrested BT474 cells in G0/G1 phase, both in 2D and 3D cultures, without significant effect on MCF7 cells. Untreated BT474 spheroids showed a basal subpopulation of apoptotic cells, not found in monolayer cultures, reduced after Tz treatment. These results suggest that Tz might be rescuing cells from death rather than inducing it; these observations agree with other authors that have also reported that Tz did not induced apoptosis *in vitro* \[[@pone.0137920.ref031],[@pone.0137920.ref032]\]. According to our results, and for the first time, we here describe Tz as a downregulator of basal apoptotic cell death.

Studies in breast cancer cells indicate that induction of autophagy plays a protective role in antitumor therapies \[[@pone.0137920.ref033]\]. Furthermore, in the last years, HER2 overexpression was found to be associated with induction of autophagy \[[@pone.0137920.ref034]\]. It is known that the basal level of autophagy increases in cancer cells under stress leading to a state of quiescence \[[@pone.0137920.ref035]\]. Thus, it was reasonable to hypothesize that autophagy could be one of the mechanisms involved in Tz antitumor escape, supported by the reduced cell proliferative capacity (Ki67+) observed in treated BT474 spheroids.

In contrast to monolayers, 3D cultures presented basal autophagy, probably due to the hostile microenvironment. After chronic treatment, spheroids showed higher and uniform LC3 expression compared to control spheroids, in accordance with Tz-resistant cell phenotype described by other authors \[[@pone.0137920.ref036]\]. The increased sensitivity to Tz found after inhibition of autophagy with 3-MA, suggests that Tz-induced autophagy provided an advantage to cell survival and facilitated the development of acquired resistance. However, in resistant BT474-MR cells, inhibition of autophagy did not increase sensitivity to Tz, indicating that they do not fully relay on autophagy to survive Tz antitumor effect; other mechanisms might be involved. Likewise, autophagy inhibition had no effect on MCF7 cells, which are not responsive to Tz.

Autophagy and apoptosis are fundamental mechanisms in cellular homeostasis and a molecular crosstalk between both pathways has been described \[[@pone.0137920.ref037],[@pone.0137920.ref038]\]; thus, we decided to study this link in our model. We detected that the decrease of basal apoptosis exerted by Tz was completely reversed by autophagy inhibition with 3-MA; moreover, Tz was able to induce apoptosis only in these conditions. Our results agree with other authors, who have reported that autophagy inhibition increases cell apoptosis in 2D cultures after addition of different antitumor agents \[[@pone.0137920.ref039]\]. Therefore, we can conclude that 3D organization confers BT474 cells with a protective microenvironment against the antitumor effect of Tz, not generated in 2D conditions. In the hypoxic core of tumor spheroids, cells might survive eliciting autophagy, which enables them to resist therapy injury. The differences we detected in basal apoptosis between 2D and 3D might reveal the importance of autophagy inhibition in the re-sensitization of cancer cells to Tz. Although other mechanisms could also be involved in tumor evasion to antitumor therapies, authophagy induced by Tz appears to be providing cells the capacity to evolve and develop Tz resistance, thus avoiding tumor cell death.
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